I. INTRODUCTION
Chalcopyrite (CuFeS 2 ) is the main commercial source of copper and accounts for the majority of copper reserves worldwide. 1 Owing to its electrical, structural, and, in particular, band gap properties, CuFeS 2 is considered an interesting compound with numerous semiconductor applications, such as in optical devices, 2 photodiodes, 3 spintronic devices, 4 and thin-film intermediate-band solar cells. 5 CuFeS 2 , an antiferromagnetic semiconductor, crystallizes in a tetrahedral structure with space group I42d (D 12 2d ). 6 The magnetic and electrical properties of CuFeS 2 have not yet been completely elucidated and a detailed understanding of its complex antiferromagnetic behavior, including its structure, bonding, and magnetic and electronic properties, would be of immense value. Three different experimental measurements of the magnetic moment per Fe ion oriented along the crystallographic c axis, namely, 3.85, 3.42, and 3.88 µ B , have been reported in three different works. [7] [8] [9] Similarly, a diverse range of values have been reported for the electronic band gap, including approximately 0.5 eV, 10-13 2.6 eV from conductivity measurements using the four-point method, 14 and approximately 0.33-0.6 eV from recent infrared absorption measurements, which all reveal the semiconducting behavior of this material. 15 The electrical conductivity, Seebeck coefficient, and thermal conductivity of CuFeS 2 were recently calculated using first-principles calculations 16, 17 and it was found that the electronic structure of CuFeS 2 governs the behavior of the Seebeck coefficient of this material. The lattice constants were measured via X-ray diffraction experiments as a = b = 5.289 18 (5.286) 19 Å and c = 10.423 18 (10.410) 19 Å. These properties are summarized in Table I . Computationally, CuFeS 2 is difficult to model using density functional theory (DFT) with simple local or semilocal functionals such as the local density approximation (LDA) and generalized gradient approximation (GGA), which are not reliable approximations for studying the properties of CuFeS 2 . [20] [21] [22] [23] [24] It is apparent that the properties of CuFeS 2 are sensitive to the correct treatment of on-site electronic interactions, and neither LDA nor GGA are able to provide accurate treatment. The basis of this failure is insufficient description of the ARTICLE scitation.org/journal/adv strong Coulomb repulsion between 3d electrons localized on ions. 20 Generally, DFT leads to underestimation of the band gap values of semiconductors compared to values determined using electron spectroscopy. 21, 25 From earlier computational studies, 22, 23 it was found that the DFT+U 25 methodology using the optimal effective Hubbard U characterizes the on-site Coulomb repulsion between 3d electrons by incorporating an additional energetic penalty for delocalization and hence provides a reasonably precise description of the measured electron energy loss spectra, lattice constants, cohesive energies, and elastic moduli. Furthermore, it was found that hybrid-exchange density functionals, such as Lee-Yang-Parr (B3LYP), 27,28 afford a more accurate description of the properties of CuFeS 2 . Recently, the structural properties, band gap values, and magnetic properties of CuFeS 2 were studied using the B3LYP functional and the results displayed good agreement with experiments; 23, 24 however, employing hybrid functionals is very computationally demanding and infeasible for studying larger systems such as surfaces. The results of the previous works are summarized in Table I . In the present work, the hybrid-exchange B3LYP functional and DFT+U methodology were employed with the aim of studying the crystal structure and electrical and magnetic properties of CuFeS 2 . In previous works, 22, 23 different Hubbard correction terms of 3.0 and 4.3 eV were determined; however, all of the properties of CuFeS 2 (lattice constants, band gap value, and magnetic moment) were not simultaneously taken into account while determining the optimal U value. In addition, the obtained properties of CuFeS 2 were based on calculations for a single unit cell (1×1×1), although it was concluded that a 2×2×1 supercell might lead to more accurate atomic interactions in all directions. 21 In the current study, the DFT+U methodology was employed to attain a deeper understanding of the structural and electrical properties of CuFeS 2 by considering different properties simultaneously to determine the optimal Hubbard correction term. The analysis was performed for both 1×1×1 and 2×2×1 supercells to examine the influence of the supercell size on the selection of the optimal U value. The present study aims to clarify the ambiguity regarding the U value that exists in the literature, and we additionally report the structural parameters, elastic constants, bulk and shear moduli, volume expansion, and specific heats as a function of temperature. This work provides an important foundation for future studies involving the prediction and elucidation of the mechanical strength, stability, and phase transitions of CuFeS 2 .
II. METHODOLOGY
Spin-polarized periodic DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with a plane-wave basis set. [29] [30] [31] [32] Electronic exchange and correlation were approximated using the hybrid-exchange B3LYP 27,28 functional for only a single unit cell (1×1×1) containing 16 atoms, because this has been demonstrated as a reliable functional to describe the geometry, energetics, and electronic properties of bulk CuFeS 2 . 23, 24 To investigate the influence of the supercell size on the structural, electronic, and magnetic properties, a 2×2×1 supercell containing 64 atoms was also considered, which in principle should more accurately approximate the atomic interactions in all directions. The DFT+U 26 methodology with the formalism of Dudarev et al. 27 was applied for both supercells to capture the strong correlation effect of 3d electrons that is required for a more accurate description of the transition metals Cu and Fe. To obtain a set of energies for the magnetic states similar to that calculated using the hybrid-exchange B3LYP functional, a Hubbard correction term (i.e., the U eff value) 26 was selected for the localized 3d electrons of Cu and Fe, where U eff = U − J is the difference between the Coulomb U and exchange J parameters. The GGA using the Perdew-Burke-Ernzerhof (PBE) functional 33, 34 was applied for the exchange correlation in all calculations. Calculations including a Hubbard term for the Fe atoms were performed with various U eff values in intervals of 1 eV up to 9 eV with a constant Hubbard term for the Cu atoms. Calculations with different Hubbard terms for the Cu atoms with U eff values up to 6 eV were also performed; however, no significant changes were observed in either the resulting relative energies of the considered states or the atomic populations. A conjugate gradient scheme was applied with iterative relaxation of the atomic positions with residual forces acting on the atoms of 0.01 eV/Å and a total energy convergence of 10 −6 eV per unit cell. A very small Fermi smearing of 0.01 was employed for this semiconductor (i.e., CuFeS 2 ), because extrapolation of the total energy to absolute zero is only valid for metals with a continuous density of states (DOS) at the Fermi level. 35 To find an accurate match of the calculated bulk and electronic structures as well as the magnetic properties with the experiments, the unit-cell geometry was first created using the Atomic Simulation Environment, 36 as depicted in Fig. 1 . The atomic structures were also visualized using VESTA. 37 Next, different plane-wave cutoff energies and k-point grids were examined to achieve a total energy convergence of 1 meV. Based on the obtained results, the energy convergence criterion was fulfilled with an energy cutoff of 550 eV and a 4×4×2 Monkhorst-Pack 31 k-point mesh for the Brillouin zone sampling of the 1×1×1 supercell of CuFeS 2 . This plane-wave cutoff was kept constant throughout the calculations; however, the number of k points was varied with the unit-cell size. The Brillouin zone of the 2×2×1 supercell was sampled using a 4×4×4 Monkhorst-Pack 31 k-point mesh. The electronic DOSs were calculated by employing relatively dense 8×8×4 and 8×8×8 Monkhorst-Pack 31 k-point meshes for the 1×1×1 and 2×2×1 supercells, respectively.
The thermal properties and temperature-dependent lattice constants of CuFeS 2 were studied via first-principles phonon calculations performed using density functional perturbation theory. 38, 39 The phonon dispersions were calculated using the PHONOPY code 40, 41 within the 2×2×1 supercell with a 4×4×4 Monkhorst−Pack 31 k-point mesh. We also employed the quasiharmonic approximation (QHA) 42 to calculate the temperaturedependent properties of CuFeS 2 . For the calculation of phonon properties, the energy convergence criterion was set to 10 −8 eV to ensure sufficient accuracy of the generated force constants. The Helmholtz free energy F for a given temperature and volume was computed using
is the DFT total energy and F vib (T,V) is the vibrational free energy. The full details were reported by Togo et al. [40] [41] [42] 
III. RESULTS AND DISCUSSION
A. Crystal structure and properties CuFeS 2 possesses a tetrahedral structure with a unit cell of I42d symmetry containing 16 atoms (four Cu, four Fe, and eight S), whereas a 2×2×1 supercell consists of 64 atoms (16 Cu, 16 Fe, and 32 S). The optimized structures of the unit cell and 2×2×1 supercell are depicted in Fig. 1 . The properties of CuFeS 2 were calculated for the antiferromagnetic (AFM) structure phase, which was found to be the most stable (lowest energy) magnetic solution for this system 23 and is in reasonable agreement with experiments, 7, 8 where CuFeS 2 was antiferromagnetic with the magnetic moments of the Fe centers directed along the c axis. In this lowest-energy AFM state, the spin directions of the Fe atoms alternate between each layer perpendicular to the crystallographic c axis, as shown in Fig. 1 .
The DFT calculation results of the lattice parameters, magnetic moments (ms), and band gap values (Eg) for both cells are listed in Tables II and III . The results of previous theoretical and experimental studies are summarized in Table I. From the previous computational studies performed (Table I) , as mentioned in Sec. I, the LDA and GGA functionals were found not to be reliable approximations for studying the various properties of CuFeS 2 . Comparison of the experimentally measured lattice parameters with the values obtained from the previous studies employing these exchange-correlation functionals also reveals this unsuitability of these functionals, although the GGA functionals PBE (in the work of Zhou et al. 22 ) and PW91 (in the work of Łażewski et al. 21 ) afforded more reliable results compared to the LDA functional (in the work of Zhou et al. 22 ). Furthermore, in the work of Łażewski et al., 21 even a 2×2×1 supercell (using PW91) could not accurately describe the structure of CuFeS 2 , although it was closer to the experimental findings than the results of Zhou et al. 22 performed using a 1×1×1 supercell (using PBE). However, the results of Zhou et al. demonstrate that employing the DFT+U methodology using the GGA functional PBE for a 1×1×1 supercell with U eff = 3 eV could provide a significant improvement with respect to the estimated lattice constants. 22 Surprisingly, the results of Martínez-Casado et al. demonstrated greater deviation from the experimental findings when using the hybrid-exchange B3LYP functional. 24 In the current study, a greater improvement in the optimized lattice parameters was observed upon employing the hybridexchange B3LYP functional or DFT+U methodology using the PBE (Tables II  and III) . Our results for U eff = 3 eV were found to be more consistent with the experimental values compared to the work of Zhou et al. 22 using the same U eff and exchange-correlation functional values. This improvement may be attributable to the fact that we employed a denser k-point mesh of 4×4×8 and a higher energy cutoff of 550 eV compared to the 3×3×4 k-point mesh and energy cutoff of 440 eV used in the work of Zhou et al., 22 which were insufficient to accurately represent the electronic structure. In the present study, we did not observe any significant differences between the optimized lattice parameters of the 1×1×1 and 2×2×1 supercells, mainly for U eff values less than 6 eV (Tables II and III) .
B. Magnetic properties
To evaluate the magnetic properties of CuFeS 2 , as stated in Sec. I, the different magnetic states of the supercells, namely, the AFM and ferromagnetic (FM) phases, were first analyzed, and the AFM configuration was found to be the lowest-energy (ground) state. Next, the spin configurations corresponding to the AFM phases were initially assigned to the Fe atoms (as the most stable spin arrangement) in the conventional supercells, as depicted in Fig. 1 . As can be seen, the directions of the spins of the Fe atoms alternated between each layer perpendicular to the crystallographic c direction. This magnetic configuration is in excellent agreement with experiments 7, 8 and previously published computational studies, 21, 24 where CuFeS 2 was predicted to be antiferromagnetic with the magnetic moments of the Fe centers directed along the c axis.
Experimentally, there exists a discrepancy in the reported literature regarding the value of the effective magnetic moment for the Fe atoms. Donnay et al. reported a value of 3.85 µ B based on neutron diffraction measurements of natural mineral samples (Experiment A), 7 whereas Wooley et al. disclosed a value of 3.42 µ B for the synthetic material (Experiment B). 8 In addition, Hamajima et al. calculated a value of 3.88 µ B using the Xα method (Experiment C). 9 These experimentally measured values are listed in Table I 23 The results of the present study are in accordance with both previous experimental and computational studies. DFT-B3LYP calculations afforded an Fe spin moment of 3.8 µ B for both supercells (blue horizontal dashed line in Fig. 2 ), which is identical to the value obtained by Conejeros et al. 23 As the hybrid-exchange B3LYP functional is very computationally expensive for larger systems such as surfaces, we investigated whether the same value of the magnetic moment could be obtained using a reasonable external Hubbard U parameter. Consequently, various U eff values for the Fe atoms in intervals of 1 eV up to 9 eV were applied with a constant Hubbard term for the Cu atoms. We did not observe any significant changes in either the resulting relative energies of the considered states or the atomic populations using different Hubbard terms for the Cu atoms. Figure 2 shows the variation of the magnetic moment of the Fe atoms observed for different U eff values, where an insignificant value of 0.005 µ B was obtained for the Cu atoms. As can be seen, the difference between the results obtained for the 1×1×1 and 2×2×1 supercells was negligible. A magnetic moment of 3.59 µ B for the Fe atoms was observed for U eff = 3 eV, in contrast to the value of 3.64 µ B reported by Zhou et al. using the same value of U eff (see Tables I  and II and Fig. 2 ). 22 This small difference may be attributable to the denser k-point grids and greater plane-wave cutoff energy applied in the present study. We obtained the same value as that calculated using DFT-B3LYP by adopting U eff = 5 eV; however, a U eff value of 4.3 eV was applied by Conejeros et al. to obtain the same result. 23 We repeated our calculations with this U eff value, but no significant changes were observed in any of the parameters compared to the U eff value of 4 eV (see Tables I and II and Fig. 2 ).
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C. Electronic band structure
The electronic band structure was calculated after performing high-accuracy self-consistent electronic calculations to optimize the structures with 4×4×2 and 2×2×2 k-point grids for the 1×1×1 and 2×2×1 supercells, respectively. To calculate the electronic band structure with high accuracy, self-consistent field calculations were performed using denser k-point grids of 16×16×8 and 8×8×8 for the 1×1×1 and 2×2×1 supercells, respectively. The band gap values calculated using different U eff values are plotted in Fig. 3 . The results revealed almost the same band gap for both the 1×1×1 and 2×2×1 supercells and a very small deviation was observed for U eff values exceeding 5 eV. This deviation may be attributable to the different lattice constants obtained for the two supercells (see Tables II  and III) .
As can be seen from Fig. 3 , no band gap was observed at U eff = 0 eV and the band gap of the system opened upon increasing the U eff value with a shift of the d states beyond the Fermi energy (see Fig. 4 ). Both the band gap (Eg) and magnetic moment (ms) increased with increasing U eff (Figs. 2 and 3) . The DFT-calculated electronic DOS and partial densities of states (PDOSs) for the Cu, Fe, and S atoms of the optimized ground state of CuFeS 2 are presented in Fig. 4 . As can be seen, Fe orbitals generally occupied the conduction band, whereas the valence band was mostly dominated by Cu orbitals. 
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The reported experimental values of the band gap do not provide a clear consensus, making the band gap a poorly understood property of CuFeS 2 ; however, all of the previous experimental works predicted CuFeS 2 to be a semiconductor. Although a value of 0.5 eV was measured for the band gap of CuFeS 2 (Experiment A), 7-9 as indicated by the horizontal dashed line in Fig. 3 15 as indicated by the green region in Fig. 3 . Previously published computational studies evaluating the electrical properties of the AFM ground state of CuFeS 2 have also identified different values for the band gap. [21] [22] [23] [24] [25] It is known that the B3LYP functional is generally more reliable for estimating the electronic band gap than pure DFT using LDA or GGA functionals, which tend to underestimate the band gap. 23, 24 Edelbro et al. predicted CuFeS 2 to be conducting on the basis of LDA calculations, 43 whereas GGA-PW91 calculations performed by de Oliveira and Duarte 25 indicated that CuFeS 2 is a semiconductor with an indirect band gap of 0.1 eV. Zhou et al. predicted a larger value of 0.55 eV for the band gap using DFT+U with U eff = 3 eV. 22 Furthermore, a band gap of 1.82 eV was predicted using the B3LYP functional by Conejeros et al. 23 and Martínez-Casado et al., 24 which is inconsistent with the previous computational studies using 
ARTICLE
scitation.org/journal/adv different treatments for electronic exchange and correlation. In the present study, the calculated band gap value was 1.80 eV using the B3LYP functional, which is in excellent agreement with the previous studies that applied the same electronic exchange and correlation functions.
The results of the present study show that the lattice parameters (Tables I and II) , ms (Fig. 2) , and Eg (Fig. 3) increased with increasing U eff , and increasing the value of U eff beyond 5 eV caused these properties to start deviating from the experimental values. As mentioned above, in the present study, applying a U eff of 5 eV led to a predicted magnetic state similar to that calculated using the hybrid B3LYP functional; however, the band gap predicted with this U eff value was 0.75 eV, which is less than the value of 1.8 eV predicted using B3LYP. The calculated DOSs and PDOSs for the Cu, Fe, and S atoms of the optimized ground state of CuFeS 2 for these two electronic exchange and correlation functions are plotted in Fig. 5 . The general trend for the various orbitals was the same for B3LYP and DFT+U, despite the different band gaps, and in agreement with the computational study by Conejeros et al. 23 A more detailed analysis of the PDOSs revealed that the contributions of the Cu(4s), Fe(4s), and S(3s) orbitals were insignificant in the vicinity of the Fermi level for both B3LYP and DFT+U. It can be clearly observed that the conduction band was mainly dominated by the Fe(3d) orbitals, whereas the valence band was mostly composed of the Cu(3d) orbitals for both B3LYP and DFT+U.
D. Thermodynamic properties
Phonon properties typically vary with changing volume because the crystal potential is an anharmonic function of volume. 41 In this study, the thermal properties were calculated under the framework of the QHA, which takes into account this anharmonic volume dependence of phonon properties during the calculation of thermodynamic properties. However, the harmonic approximation is simply applied at each volume, with a pressure value of zero and a Gibbs energy equal to the Helmholtz free energy.
As stated in Sec. II, in the QHA, the Helmholtz free energy F(V,T) is calculated using F(V,T) = E(V) + F vib (V,T), where E(V) is the static energy from DFT calculations and F vib (V,T) is the vibrational free energy, which is obtained using F vib (V, T)
is the phonon frequency at a fixed volume V and a given vector q.
In this study, the total Helmholtz free energy was calculated for several volumes (from 97%V to 103%V) around the equilibrium volume to comprehensively investigate the influence of temperature on the volume. The magnetic transition from AFM to FM was evaluated for these volumes and the results of the ground-state energy confirmed that this transition did not occur when the equilibrium volume was compressed to 97%V or expanded to 103%V. The total Helmholtz free energy was calculated for these volumes over the same temperature ranges (from 0 to 300 K) and temperature steps (10 K). After calculating the free energies, they were fitted using the Birch-Murnaghan equation. 44, 45 The optimal volume at each temperature was determined on the basis of the minimum Helmholtz free energy. The optimal geometry fitted using the Birch-Murnaghan equation 44, 45 would theoretically afford very precise estimates of the lattice parameters. Finally, the thermal expansion properties were obtained using PHONOPY code under the QHA.
Within the framework of the QHA, the theoretical calculations may accurately capture the experimental results at low temperatures if the structure is stable; however, the influence of anharmonic terms increases with increasing temperature. At higher temperatures, the calculated results may start to deviate from the experimental measurements despite being qualitatively consistent. Therefore, the quartic anharmonic terms should be taken into consideration to more accurately study the thermal behavior of any structure at temperatures exceeding 300 K.
E. Negative thermal expansion behavior
The calculated Helmholtz free energy as functions of volume and temperature is plotted in Fig. 6(a) , in which each blue line fitted using the Birch-Murnaghan equation corresponds to a particular temperature. The minimum Helmholtz free energies, indicated by red circles, correspond to the optimal volumes from 0 to 300 K. The variation of the optimal volume with temperature is plotted in Fig. 6(b) . The results clearly demonstrate the negative thermal expansion behavior of tetragonal CuFeS 2 at low temperatures, where 
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To calculate the lattice parameters at each temperature, it is necessary to minimize the Helmholtz free energy functions with the deformation strain (ζ) instead of volume. This is mainly required because volume is a multiple-variable function of the lattice parameters for low-symmetry crystals and it is infeasible to directly calculate the lattice parameters owing to the difficulty associated with minimizing multiple-variable functions. The details were explained by Shao et al. 46 In this study, the lattice parameter a (=b) was calculated by applying a (ζ, ζ, 0, 0, 0, 0) configuration tensor to the lattice vectors with ζ values between ±3% in increments of 0.5%. Next, the Helmholtz free energy was calculated for each value of ζ at various temperatures and minimized with respect to ζ to calculate the equilibrium deformation strain ζ 0 T . The lattice parameter a can be calculated using a T = ζ 0 T a 0 , where a 0 is the optimal lattice parameter at 0 K obtained via first-principles geometry optimization and a T is the equilibrium lattice parameter at a given temperature. Finally, the lattice parameter c can be directly obtained from the relationship between the optimal volume (V T ) and a T at a given temperature using c T = V T /(a T ) 2 . Figure 6 (c) shows the variation of the equilibrium lattice parameters of CuFeS 2 with temperature. As can be seen, the optimal lattice parameters a and c were 5.309 Å and 10.432 Å, respectively, at 0 K. Both lattice parameters decreased to a minimum value with increasing temperature and then started to increase at higher temperatures. It is interesting to note that the two lattice parameters reached their corresponding minima at two significantly different temperatures, namely, approximately 90 and 125 K for lattice parameters a and c, respectively.
F. Heat capacity
PHONOPY code under the QHA was used to calculate the temperature dependence of the isobaric heat capacity Cp(T) of CuFeS 2 , as plotted in Fig. 7 . The measured values of Cp(T) reported by Robie et al. for synthetic samples at temperatures ranging from 6.3 to 303.5 K are also plotted for the purposes of comparison. 47 Comparison of these results revealed that the calculated values of Cp were in good agreement with the experimentally measured values at temperatures below 200 K, whereas the two sets of results gradually deviated at temperatures exceeding 200 K owing to the lattice anharmonicity at higher temperatures, as mentioned in Sec. III D.
G. Temperature-dependent elastic constants
The temperature dependence of the elastic constants of CuFeS 2 was calculated from the phonon DOS using the QHA, in which isothermal elastic constants can be considered as strain derivatives of the Helmholtz free energy using the following formula:
where E[X(ζ)] is the total energy of the specific deforming configuration and F vib [X(ζ);T] is the vibrational Helmholtz free energy calculated from the phonon DOS using the QHA. The details were reported by Shao et al. 46 There are seven independent elastic constants, namely, c 11 , c 22 , c 33 , c 44 , c 66 , c 12 , and c 13 , where c 11 = c 22 . To calculate the temperature-dependent elastic constants of tetragonal CuFeS 2 , six sets of deformed crystals were constructed to obtain six sets of the Helmholtz free energy F[X(ζ);T] curves with respect to the strain ζ at a given temperature. We selected (ζ, −ζ, ζ 2 /(1−ζ 2 ), 0, 0, 0), (ζ, ζ 2 /(1−ζ 2 ), −ζ, 0, 0, 0), (ζ, ζ, 0, 0, 0, 0), (ζ, 0, ζ, 0, 0, 0), (ζ 2 /(1−ζ 2 ), 0, 0, 2ζ, 0, 0), and (0, 0, ζ 2 /(1−ζ 2 ), 0, 0, 2ζ) as the six deformation modes. It is worth noting that the Helmholtz free energy is only a function of strain ζ at a given temperature for fixed deformation modes; hence, the minimum of the Helmholtz free energy function with respect to variable ζ is the equilibrium Helmholtz free energy at that temperature. Next, the six Helmholtz free energy densities per unit-cell volume with respect to the normal strain ζ were calculated for temperatures ranging from 0 to 300 K in increments of 50 K. The corresponding second-order strain derivatives of the Helmholtz free energy per unit-cell volume were derived with TABLE IV. Calculated elastic constants (c ij , GPa), bulk modulus (B, GPa), and shear modulus (G, GPa) for tetragonal CuFeS 2 at 0 K and 0 GPa, alongside other theoretical results obtained under the same thermodynamic conditions and experimental data recorded at 10 and 300 K and 0 GPa.
Computation at 0 K Experiment 49
Present study Łażewski et al. 21 Zhou et al. 22 ζ values between ±3% in increments of 0.5% by polynomial fitting of these Helmholtz free energies (the corresponding curves are given as Fig. S1 in the supplementary material). Furthermore, the isothermal elastic constants were calculated by solving the following system of linear equations providing the correlation between the second-order strain derivatives and the linear combination of isothermal elastic constants:
where D T 1 ...D T i ...D T 6 are the second-order strain derivatives of the Helmholtz free energy under the six deformation modes, and c T 11 ...c T ij ...c T 66 are the elastic constants at a given temperature and zero pressure. The energy of the unit cell is a function of both volume and deformation strain. In these calculations, volume-conserving deformations were applied to calculate the shear elastic constants c 44 and c 66 . This was expected to permit highly accurate calculation of the elastic constants because the energy of the deformed unit cell depends only on distortion and not volume. The calculated elastic constants (cij), bulk modulus (B), and shear modulus (G) of CuFeS 2 at 0 K and 0 GPa are presented in Table IV , alongside other theoretical results obtained under the same thermodynamic conditions 21, 22 and experimental data recorded at 10 and 300 K and 0 GPa. 49 The elastic constants calculated in the present study are consistent with the previously reported theoretical results 21, 22 and in better agreement with those reported by Zhou et al., in which the DFT+U methodology using the GGA functional PBE was employed. 22 However, the calculated elastic constants were significantly lower than the experimental values. 51 It was concluded by Łażewski et al. 21 and Zhou et al. 22 that the very high values of the reported experimental elastic constants are unusual and may not adequately represent the pseudocubic elastic behavior of ternary compounds such as CuFeS 2 .
The values of B and G were obtained from the calculated cij values using the Voigt-Reuss-Hill approximation. 50 A B value of 91±15 GPa was also reported in a pressure-dependent X-ray diffraction study of tetragonal CuFeS 2 . 51 This only available experimental measurement of the bulk modulus is comparable with the values estimated from the elastic constants. B values of 73.6 and 87.1 GPa were estimated from the calculated elastic constants by Łażewski et al. 21 and Zhou et al., 22 respectively, where the latter value is in closer agreement with the experimental value of 91±15 GPa. The B value of 84.9 GPa obtained in the present study is also in satisfactory agreement with the experimental value. The experimentally measured elastic constants yielded B values of 129.6 and 124.6 GPa at 10 and 300 K, respectively, which clearly deviate from the experimental value. G values of 19.8 and 21.0 GPa were estimated from the calculated elastic constants by Łażewski et al. 21 and Zhou et al., 22 respectively, which are similar to the value of 22.6 GPa obtained in the present study.
As stated above, the phonon DOS using the QHA provides the ability to calculate the temperature dependence of the elastic constants. Plots showing the variation of all of the elastic constants of CuFeS 2 as a function of temperature are presented in Fig. 8 . All of the elastic constants decreased with increasing temperature, although the rate of change varied. The results clearly revealed that c 11 decreased relatively rapidly with increasing temperature from 103.5 GPa at 0 K to 95.5 GPa at 300 K, such that it was equal to c 33 at 150 K and less than c 33 at temperatures exceeding 150 K. The temperature dependences of the bulk and shear moduli were also estimated from the calculated elastic constants, as plotted in Fig. 9 . Both moduli decreased with increasing temperature, from 84.9 to 78.6 GPa for B and from 22.6 to 21.2 GPa for G as the temperature was increased from 0 to 300 K.
IV. CONCLUSIONS
We have applied different DFT-based methodologies to investigate the structural, magnetic, and electrical properties of tetragonal CuFeS 2 . The structural properties, elastic constants, bulk and shear moduli, volume expansion, and specific heats as a function of temperature have been calculated. In addition to the hybrid B3LYP functional, the DFT+U methodology was employed with systematic variation of the U parameter for the Fe atoms in the range of 0-9 eV in 1 eV intervals and a constant Hubbard term for the Cu atoms to determine the structural parameters, magnetic moment, and band gap in improved agreement with experimental data. It was found that these properties were not significantly affected by variation of the Hubbard term for the Cu atoms. U eff values of 1 to 5 afforded very good agreement with the experimentally obtained lattice parameters, while further increasing U eff led to deviation from the experimental data. The most reasonable match with the experimental magnetic moment was obtained using U eff values of 4 or 5 eV; moreover, the magnetic moment calculated using the hybrid B3LYP functional was found to be identical to that calculated using DFT+U with a U eff value of 5 eV. The electronic structure and band gap of CuFeS 2 have not been accurately determined previously and a large difference was observed between the values calculated using the hybrid B3LYP and DFT+U methods. As the hybrid B3LYP functional is very computationally demanding and inappropriate for large systems such as surfaces, the results indicate that the DFT+U methodology with a U eff value of 5 eV, which afforded the same magnetic moment as the hybrid B3LYP functional, is the most robust methodology for analyzing larger systems such as CuFeS 2 .
The present work also provided the temperature-dependent elastic constants of CuFeS 2 by combining the quasi-static approximation to elasticity and the quasi-harmonic phonon approximation to volume expansion. Examination of the temperature-dependent properties of CuFeS 2 revealed the occurrence of negative thermal expansion behavior at temperatures lower than 100 K. This provides theoretical evidence to support the possible use of tetragonal CuFeS 2 as a new negative thermal expansion material that warrants further attention. The obtained elastic constants were in very good agreement with previous theoretical studies performed at 0 K. All of the calculated temperature-dependent elastic constants decreased with increasing temperature, although the rate of change varied, and c 11 decreased relatively rapidly with increasing temperature such that it became equal to c 33 at 150 K and less than c 33 at temperatures exceeding 150 K. Finally, PHONOPY code under the QHA was also used to calculate the temperature dependence of the isobaric heat capacity Cp(T) of CuFeS 2 , and the calculated values were in good agreement with experimental results for temperatures below 200 K, whereas the deviation between the two sets of results gradually increased at temperatures above 200 K owing to the lattice anharmonicity at higher temperatures.
SUPPLEMENTARY MATERIAL
See supplementary material for the polynomial fitting curves of the Helmholtz free energy per unit-cell volume for the six deformation modes with strain values (ζ) between ±3% in increments of 0.5% are provided.
